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CHEMICAL ASPECTS OF REFRIGERANT SYSTEMS

Keshav s. Sanvordenker, Assistant Director of Research
Tecumseh Products Research Laboratory, Ann Arbor, Michigan

ABSTRACT
This pa~Jer reviews the state of art; where
we have been, where we are and where we expect to go. With this theme, the topics
discussed are ll chemistry in design and
reliability of hermetic systems, 2) copper
plating as an example of visual chemical
problems, 3) laboratory tests for materials
compatibility, 4) motor insulation and
5) boundary lubrication. The author's
opinions and judgments are included.
INTRODUCTION
This is a keynote lecture meant to review
the state of art; where we have been,
where we are and where we expect to go.
It
is not a research paper. I could make this
a bland chronology of published literature;
or I can make the presentation very personal and add to it my informed opinions and
deliberate judgment. I have chosen the
latter and hope you will find it refreshing.
I will also use simple language.
Instead of saying "It is clear that much
additional work will be required for a
complete understanding", I will say what I
really mean: "Nobody understands it." Now
to the main topic.
Refrigeration has basically been the domain
of mechanical engineers - not of chemists.
Yet, the chemist has a crucial function.
Let us see what it is and why.
CHEMISTRY IN DESIGN GOALS
Over the past thirty years, refrigeration
engineers have been forced to design
successive models of hermetic compressors
with the goal of "half the weight, half the
price" (often resulting in "twice the
operating temperature"). Naturally, this
must be accomplished without sacrificing
the system reliability. That job falls on
the shoulders of the chemist. Most of us
believe that once the phase of early failures is past, the life of a hermetic
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system is limited by its chemistry. In
other words, the chemical reactions that
occur, albeit slowly, weaken the ability
of the system to withstand the operational
stress until a weak link develops and
causes a malfunction. It is up to the
chemist to postpone that inevitable
phenomenon.
The chemist must identify the reactions,
estimate their rates, determine how they
might hurt the system and convert this
information into an usable entity such as
"expected life" or "failure rate".
If the
answer is not satisfactory, then he must
find new materials, or find means of inhibiting the reactions. Otherwise, he has
the unenviable task of convincing the designer that "half the weight, half the
price" will not work.
VISUAL EVIDENCES OF CHEMICAL REACTIONS
To say that chemical reactions weaken the
system is to beg the question. So, let
us look at some tangible evidences of
chemical problems:
1. Copper Plating - This is just what the
term implies. There is enough copper in
refrigerant systems in the tubings and
fittings and also in the motor windings.
This copper deposits on the hot parts of
the compressor such as the bearings or the
discharge valves. Sometimes it is just a
red tinge and at other times flakes of
copper can be seen on all the interior of
the compressor. The fear of copper plating is, of course, that it may change the
bearing clearances or that it might be
transported to the expansion devices and
cause them to malfunction.
2. Carbonization of Valves - This occurs
mostly on the discharge valve leaf which
is the hottest part of a compressor, and
is in the form of a coke-like deposit near
the valve seats.
If these deposits build
up, they can interfere with proper seating

problem cropped up. Rl2 dissolve d much
less water than did methylc hloride. The
moisture would separate out and freeze up
in the expansio n devices. Dehydra tion and
incorpor ation of a dessican t cartridg e became necessar y to prevent freeze ups. It
also turns out that the dessican t was
silica gel, which is not as efficien t a
dessican t as the present molecula r sieves,
but it does absorb polar or acidic compounds from lubricat ing oil. Unbeknow n,
this fortuito us happenin g did more than
prevent freeze ups. It kept copper plating under control. The conclusi on was
simple. "Moistur e causes copper plating
and a dessican t cartridg e prevents it."

of the valves.
3. Sludge - This is insolubl e organic
matter resultin g from the breakdow n of lubricating oil or other non-met allic materials in a compress or.
4. Darkenin g of Oil - We have seen oil in
the compress or becoming dark: sometime s the
viscosit y of the oil drops and sometime s it
increase s. In either case it interfer es
with proper lubricat ion.
5. corrosiv e Wear - We differen tiate this
from mechanic al wear of bearings . We have
seen this at the valve seats and leaves,
and found that it is associat ed with acid
formatio n in the compress or.
These are examples of problems which we can
directly attribut e to chemical reaction s;
and all of these can be reproduc ed artificially in accelera ted life tests. But,
except for copper plating, we don't see
such phenomen a too often in the field.
This is no accident . It is partly the
result of extensiv e research done on
hermetic chemistr y and partly result of
careful design.
We have mentione d that copper plating is
not uncommon; yet it is not a field problem. Perhaps this would be a good example
to illustra te the type of informat ion that
has been develope d, and how the chemist
uses it.
CHEMISTRY OF COPPER PLATING
Somewhat like a shadow, copper plating
just does not go away. But it was not
always there. It came into being after
Sulfur Dioxide was replaced by Methylwas
chloride as the refriger ant. s~2
chemica lly very stable except that in
presence of moisture , it caused corrosio n
of metals. In these systems, moisture had
to be meticulo usly excluded . Presence of
moisture in methylc hloride systems did not
cause corrosio n in the manner of S02·
Hence, scrupulo us exclusio n of moisture
was no longer necessar y. But methylchloride was more reactive with oil than
Thus, when copper plating first
SOz·
occurred , there was less emphasis on
moisture and we had a more reactive refrigerant.
Research ers tests differen t oils, ana
found that some oilS were better thart
others. so it appeared that lubricat ing
oil was at least partiall y responsi ble.
Somewhe re along the line, it was found
that copper plating could occur in absence
(1)
of oil; i.e. with refriger ant alone
ant,
refriger
stable
more
a
for
The need
regardle ss of copper plating, was also
recogniz ed. Rl2~ which was more stable,
replaced methylc hloride. However, a new

The phenomen on of copper plating, however,
was much too intrigui ng to be left alone.
Also, several other facts became known.
From petroleu m chemistr y it was known
that sulfur in lubricat ing oils attacked
copper. Oils and refriger ants reacted to
give off hydroch loric acid and in compressors copper always deposite d on
ferrous surfaces , It took Steinle and
Seeman (2) to blend such facts into a
credible theory. In laborato ry experiments, they ascertai ned that copper would
deposit on steel balls even when all the
material s used were well dried. Then
they replaced the steel balls by silver
balls - lo behold; there was no copper
plating on silver. Silver is more noble
than copper whereas iron is not. This
provided the spark for the electrochemical theory of plating. But Steinle
and Seeman did more than that. They proposed that dissolut ion of copper and its
plating were independ ent phenomen a, and
that polar impuriti es and sulfur content
of oil increase d the solubili ty of copper
in oil. As for plating, they suggeste d
that the HCl given off by the oil-refr igerant reaction attacked the oil-copp er
molecule and the copper, which thus became free, deposite d on steel by an
electroc hemical process,
The theory was not perfect but the basic
concepts are still valid. One is the
separati on of dissolut ion from plating.
Another, is that oil-refr igerant reaction s
were the primary culprits in "copper
plating" . Also, that moisture and contaminant s influenc e the phenomen a indirectly ; i.e. by their effect on oilrefriger ant reaction s.
Subseque nt work, mostly by Spacusch us (3),
has placed Steinle' s theory into a better
perspec tive. This work confirme d earlier
suspicio ns (1) that plating could occur by
thermal decompo sition of the copper-o il
molecule in addition to the electroch emical mechanis m. Also, the structur e of
the copper-o il molecule was better identified. With careful separati on of the
copper complex from the remainde r of the
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oil, Spauschus showed that it had mainly
olefinic linkages. Steinle had reported
aromatic and carbonyl structure for this
molecule. The difference was important,
because it removed the requirement that
highly polar impurities be present in oil
for copper dissolution.
It also showed
that the oil-refrigerant reactions are the
precursors to copper dissolution and
plating. This work did not deny that
sulfur or acidic impurities in oil attack
copper.
It simply explained why copper
plating was still occurring even with well
refined oils and stable refrigerants.

tinguish between small differences.
Still, this method of quantitative comparisons, served the industry well and
many of the p_resent guidelines of stability, catalysts and inhibitors, were established with the use of chloride analysis. But all that work still could not
establish the mechanisms of oil-refrigerant reactions. That breakthrough came
when Spauschus (7) used gas analysis and
showed that Rl2 exchanges one of its
chlorine atoms for a hydrogen atom of the
oil, to form R22.
In a like manner, R22
forms R32. ·This is the modern tool which
has brought a semblance of order among
the various laboratories and researchers.
Since techniques of preparing the sealed
tubes are better known, and errors in
analysis are very small, chemists all
over are delighted because they can reproduce each others results. This could
not be done earlier.

Realizing that Spauschus's work was done
10 years ago and Steinle's 20 years ago, I
think the advances which they made are
remarkable.
Now, most people agree that impurities in
the oil attack copper, that this is accelerated by the basic oil-refrigerant reactions and that plating occurs as a subsequent step. To minimize it, we have to
use an oil which is stable to the refrigerant, to avoid impurities or catalysts
which can promote this reaction ·and to
eliminate the contaminants which can increase the electrochemical process. For
practical purposes, this has been accomplished. Thermal decomposition or the
effects of higher temperatures are of
course with us. That was the corollary of
"half the weight, half the price".

Even with this progress, the sealed tube
test is still not a perfect tool. This
is not totally the fault of the test.
It
is partly our fault in that we expect
something different than what the test
yields.
In particular, it is assumed
that the results from the tube tests
correlate with compressor performance.
The fact is, they correlate and they
don't. Let me clarify this.
There are two key aspects of the sealed
tube test. One is that it is a static
test and the other is that in increasing
the temperature, the pressure in the tube
is also increased. In a compressor, if
the reactions in the crankcase are to be
considered, the sealed tube would simulate the static conditions, and we would
have only pressure differences ~o consider. But, the sealed tube cannot simulate the dynamic conditions at the discharge valves, where the refrigerant
vapor carries small amounts of oil as a
mist and impinges on the valves.

TOOLS USED TO DETERMINE CHEMICAL REACTIONS
We have mentioned that the oil-refrigerant
reactions are the precursors to copper
plating. How does the chemist measure
such reactions!
The oldest and most widely used method is
the glass sealed tube. (4)
In this
technique, the materials to be tested are
placed in a glass tube, the tube sealed
and placed in a heated oven for a specified period. The contents are then
analyzed. Variations of this technisue
include a "screw cap test tube" (5), a U
tube with the two arms kept at two separate temperatures (6), a glass beaker
placed in a metal bomb, or an autoclave.
Regardless of the variations, the theme
is to accelerate the reactions by temperature and to use these rates for comparing materials or for estimating field
problems.

If the workings of a compressor are understood, there would be no problem of interpretation. Carefully conducted tests
correlate to the extent that materials
which appear stable in tube tests also
work well in the compressor. Hence, other
things being equal, the compressor chemist
chooses those materials which are most
stable in the tube tests. Sometimes other
things are not equal. A white oil, for
example, is more stable than a pale oil.
But it is not a good lubricant. A small
amount of lubricity additive is therefore
needed, and is used with the full knowledge that this additive hurts the chemical stability in sealed tube tests.
Moreover, no one really knows just how
much the sealed tube accelerates the reactions which occur in the system, We do

The test was originally designed for cornparing oils, and visual appearance was
used as the criterion. Then came quantitative analysis of the chloride ion formed
by the reaction or decomposition of the
refrigerant (4). The chloride analysis
worked well when decomposition was plentiful, but the method was cumbersome and
analytical errors were too large to dis-
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not even know whether it is 100 fold or a
Hence, a one percent R22 for1000 fold.
mation in a sealed tube test at 350oF in
two weeks, means exactly that and no more,
as far as the field life is concerned .

some of the polymeric matter, which entered
the bearings and was transporte d into the
capillary tubes. Since then, a test for
softening and for extractib les by R22 has
become standard.

This is important , so let me cite the
celebrated case of polyethyle ne teraphtha late. This film is widely used as ground
and as phase insulation in hermetic
motors. Being a polyester , it is prone to
hydrolysi s and consequen t embrittlem ent.
When first considered for hermetic use,
this material was tested in sealed tubes
with water and with methyl alcohol as
hydrolyzin g agents. Everytime , it showed
embrittlem ent in the tube tests. The
film had all the desirable propertie s for
the applicatio n, but the sealed tube results caused a natural trepidatio n among
the compresso r chemists who don't like to
wait for five years only to find that they
used a poor material. Fortunate ly, theoretical analysis showed that the partial
pressure of methanol (8) or of water (9)
in the sealed tubes far exceeded that
which could be expected in a compresso r,
even if no water was added to the tubes
and even when the film, the oil and the
refrigera nt were dried as usual.

Other than this, the compresso r designer
depended upon the electrica l industry for
The
evaluation and recommend ations.
In fact,
chemist was active there too.
the "IEEE 57" for thermal rating is fundamentally a chemical test based on the
famous Arrhenius equation; only it uses an
electrica l character istic as a figure of
merit. But, tests made by the electrica l
industry were designed for motors operating in air and not in refrigera nt. Also,
it was found that some refrigera nts affect
the electrica l propertie s of wire enamels.
For example, the resistivit y of formvar
drops sharply when the enamel is immersed
in liquid R22. The work done in the
electrica l industry could not answer some
critical questions : How does operation in
refrigera nt affect the enamel in the long
run? What maximum temperatu re could the
enamel withstand in a hermetic compresso r?
A major step forward in answering these
questions was the work by Spauschus (10),
particula rly the concept of "Tmax".
Basically this involves the measureme nt of
the dissipatio n factor with a bifilar coil
held at elevated temperatu res in a sealed
refrigera nt environme nt. Character istic
of each enamel and for a given refrigera nt,
there is a transition temperatu re labelled
Tmax, above which the rate of AC losses
increases very sharply. Measureme nt of
other electrica l propertie s as a function
of time, permits the evaluatio n of aging
phenomena . With this technique , Spauschus
(11) has presented a method of estimating
the life of an enamel in refrigera nt, at
one temperatu re compared to another.

In this case, the lack of correlatio n and
the level of accelerati on was explained ,
and it was an important step in the learning process. We still have a long way to
go. Until then, we must recognize the
limitation s of the sealed tube tests, and
use the results as guideline s, which the
tests certainly can provide.
CHEMISTRY OF MAGNET WIRE INSULATION
In comparison to the work on copper plating or on materials compatib ility with
sealed tubes, concerted efforts on the
magnet wire insulation are recent. Perhaps the reason for this delayed emphasis
was that in the earlier days, the weak
link in motor insulation was the paper
ground insulation . If the motor ran hot,
it was the paper that deteriora ted, giving
off moisture and organic matter from the
binders - the magnet wire enamel held up.
Introducti on of the polyester film gave
the designer hope that the motor could be
operated hotter, and provided the impetus
for the present work.

This work places an intrinsic upper temperature limit on an insulation system in
refrigera nt. Fortunate ly, the levels of
Tmax for the present enamels are higher
than the expected motor temperatu res in
compresso rs. Moreover, the compresso r
designer has other problems which occur
below the Tmax. These include short term
thermal excursion s,- liquid f loodback,
blistering of the enamel, etc.
Other work in refrigera nt for compariso n
of wire enamels and for estimation of
field life has also been done. We have
shown that compariso n of different enamels becomes meaningfu l only when the tests
are done after the enamel is completely
saturated with refrigera nt and have explained some discrepan cies in prior data.
This concept of saturation of the
(12)
enamel before testing is now widely used
for evaluatin g new enamels while in the
developme nt stage. Tests using motor-

It is not that there were no problems with
wire enamel earlier. But those problems
were really physical, even though the
chemist was embarrasse d by them. Based
on sealed tube tests, R22 was found to be
much more stable than Rl2, but no one
checked the solvent propertie s of R22.
When R22 was used in hermetic compresso rs,
a spate of plugged capillarie s and stuck
bearings occurred. It turned out that R22
softened the wire enamel and extracted
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ment; and boundary lubrication pointing
towards a new avenue for the co:rr.pressor
chemist.

ettes (13) and finished stators (14) are
also used to accelerate operating conditions by imposing severe thermal and
electrical stresses. We find that such
tests are very useful too.
What this work has done is to remove the
mystery which at one time surrounded the
hermetic motor insulation. We no longer
wonder what the refrigerant will do to the
insulation or what the insulation will go
to the system. Now we are aware of the
phenomena and even if all answers are not
in, at least the uncertainty is less.
CHEMISTRY IN LUBRICATION
With the magnet wire insulation, we saw
that the distinction between chemical and
electrical tests was a matter of who did
the tests. As for lubrication, we often
think of it as a matter of mechanical deIt is, except for one part-boundar y
sign.
lubrication. Boundary lubrication is that
area where no fluid film exists to separate
the rubbing surfaces. A chemical characteristic of the lubricant is the formation
of a non-fluid film which will adhere to
the rubbing surface and prevent metal to
metal contact. If that film is sheared
a fresh film must form; otherwise, scuffing, gaulling and wear would occur. The
relation between the chemical reactivity
of an oil with refrigerant and its "lubricity" was recognized by Steinle (15)
long ago. He found that oils which had
more of the "reactive" impurities were also
better lubricants. Further, it was also
known that presence of refrigerant aids
boundary lubrication.
Today, methods of determining the boundary
lubricating properties of a bearing-lub ricant combination in refrigerant are being
developed and are in fact used. These are
independent of compressor tests. For example, Huttenloche r (16) has published a
procedure to simulate a refrigerant envlronment by the simple technique of bubbling refrigerant vapor through the oil.
We feel that some kind of a sealed enclosure is more desirable, but what is really
important is that the chemist understands
the workings of the particular compressor
system which he wants to simulate.
This type of work is new and it is very
useful. Let us call it a new challenge
to the compressor chemist.
WHERE DO WE GO FROM HERE

Let us now speculate how far we can go, as
"half the weight, half the price" pressure
continues. We can see some basic temperature limits •. The Tmax would limit the
magnet wire insulation. The magnetic
saturation desity or the eddy current
losses in the induction motor may lower
that temperature limit. The refrigerant
also has an inherent thermal limit and so
does the lubricant. These are really the
only limits where the chemist would be
helpless. But where that limit lies is
really a matter of materials, be they a
new refrigerant, a synthetic lubricant or
a new type of prime mover. That is what
makes compressor chemistry a living
science: new materials - new chemical
reactions.
For the present, I think we can answer two
questions. 1. Do we understand the
chemical intricacies of refrigerant
2.
systems? The answer is a simple no.
Do we know how to use the incomplete
knowledge? The answer would have to be a
positive yes. That's what counts, doesn't
it?
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